Periplasmic oxidation of glucose into gluconate and 2-ketogluconate in Klebsiella pneumoniae occurs via glucose dehydrogenase (GDH) and gluconate dehydrogenase (GaDH), respectively. Since, as is shown here, in the presence of glucose, gluconate and 2-ketogluconate are not further metabolized intracellularly the physiological function of t h i s periplasmic route was studied. It was found that periplasmic oxidation of glucose could function as an alternative production route of ATP equivalents. Instantaneous activation of either GDH or GaDH reduced the rate of degradation of glucose via glycolysis and the tricarboxylic acid (TCA) cycle in vivo. Furthermore, aerobic, magnesium-and phosphate-limited chemostat cultures with glucose as the carbon source showed high GDH plus GaDH activities in contrast to nitrogenand sulphate-limited cultures. However, when fructose, which is not degraded by GDH, was the carbon source, specific oxygen consumption rates under these four conditions were essentially the same. The latter observation suggests that high transmembrane phosphate gradients which are supposedly present under phosphate-limited conditions do not cause high energetic demands due t o futile cycling of phosphate ions. In addition, dissipation of the transmembrane phosphate gradient of phosphate-limited cells immediately increased the rate of intracellular glucose degradation. It is concluded that under phosphatelimited conditions (i) extensive futile cycling of phosphate ions is absent and (ii) low concentrations of phosphate ions limit intracellular degradation of glucose. Glyceraldehyde-3-phosphate dehydrogenase (GADPH) activities of cell-free extracts of glucose-grown cells harvested from aerobic chemostat cultures limited in various nutrients showed that a t least a tenfold overcapacity in GAPDH activity was present under phosphate-limited conditions with respect to the steady-state carbon fluxes through this enzyme. The physiological significance of t h i s adaptation and the possible role of GDH and GaDH are discussed.
Periplasmic oxidation of glucose into gluconate and 2-ketogluconate in Klebsiella pneumoniae occurs via glucose dehydrogenase (GDH) and gluconate dehydrogenase (GaDH), respectively. Since, as is shown here, in the presence of glucose, gluconate and 2-ketogluconate are not further metabolized intracellularly the physiological function of t h i s periplasmic route was studied. It was found that periplasmic oxidation of glucose could function as an alternative production route of ATP equivalents. Instantaneous activation of either GDH or GaDH reduced the rate of degradation of glucose via glycolysis and the tricarboxylic acid (TCA) cycle in vivo. Furthermore, aerobic, magnesium-and phosphate-limited chemostat cultures with glucose as the carbon source showed high GDH plus GaDH activities in contrast to nitrogenand sulphate-limited cultures. However, when fructose, which is not degraded by GDH, was the carbon source, specific oxygen consumption rates under these four conditions were essentially the same. The latter observation suggests that high transmembrane phosphate gradients which are supposedly present under phosphate-limited conditions do not cause high energetic demands due t o futile cycling of phosphate ions. In addition, dissipation of the transmembrane phosphate gradient of phosphate-limited cells immediately increased the rate of intracellular glucose degradation. It is concluded that under phosphatelimited conditions (i) extensive futile cycling of phosphate ions is absent and (ii) low concentrations of phosphate ions limit intracellular degradation of glucose. Glyceraldehyde-3-phosphate dehydrogenase (GADPH) activities of cell-free extracts of glucose-grown cells harvested from aerobic chemostat cultures limited in various nutrients showed that a t least a tenfold overcapacity in GAPDH activity was present under phosphate-limited conditions with respect to the steady-state carbon fluxes through this enzyme. The physiological significance of t h i s adaptation and the possible role of GDH and GaDH are discussed.
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On: Mon, 31 Dec 2018 00:00:15 ti. 'r. B U L J R M X N a n d O T H E R S gluconate and 2-ketogluconate formation in order to increase the production of ATP equivalents (Homme. e t a/., 1985). Van Schie etal., 1987; Hardy etal., 1993) . Secondly, under nitrogen-limited conditions high specific gluconate and 2-ketogluconate production rate i can be induced by the addition of 2,4-dinitrophenol (DNP) to the medium (Neijssel, 1977) . This is ascribed to the dissipating effect of D N P on the protonmotive forc: (I'MF), thus causing energy wastage.
The occurrence of high G D H and GaDH activities in v i~o
under potassium-, magnesium-and phosphate-limited conditions has also been attributed to extensive energy wastage, caused by so-called futile cycling of the rcspective growth-limiting ions (Neijssel e t a/., 199011. hfulder e t a/. (1986) showed that in Escherichia coli under potassium-limited conditions ' energy spilling ' occurs due to the simultaneous activity of multiple potassium transport systems with different affinities towards potassiurn (see, however, Buurman et a/., 1992) . Under phosphatcand magnesium-linked conditions high affinity carriers for these respective substrates are synthesized in E. coli, in addition to constitutive low affinity transport systetrs (Kosenberg e t a/., 1977; Nelson & Kennedy, 1972) . Therefore, analogous to potassium-limited conditions, it has been proposed that futile cycling of phosphate and magnesium ions would result in increased energetic demands. In K. pneztmoniae, increased production rates o f ATP equivalents by periplasmic oxidation of gluco$e would compensate for this. GI>H holoenzyme is formed by binding of P Q Q to G D l i apoenzyme which requires the presence of divalent cations. This requirement has been used to manipulate jtz /Jim G D H activity (Buurman e t a/., 1990) . It was found that addition of CaC1, to the medium of magnesiumlimited cultures increased G D H activity but simultaneously decreased the specific CO, production rats, which apparently resulted from a lowered TCA cycle activity. In those experiments the presence of gluconaee derepressed GaDH activity and caused conversion of gluconate into 2-ketogluconate. Therefore, it was not clear which of these two enzyme activities diminished CO, production rates. This present study was initiated to address this question. It became apparent that the decreased production of ATP equivalents by oxidation of reducing equivalents formed by TCA cycle activity could be sufficiently high to counteract the increased generation of ATP equivalents by oxidation of reducing equivalents formed during periplasmic oxidation. Hence, periplasmic oxidation of glucose could be an alternative energy conserving route rather than an additional one. Moreover, extensive wastage of energy due to futile cycling of phosphate ions under phosphate-limited conditions could not be demonstrated. An alternative function for periplasmic oxidation of glucose is presented in the case of p hosp hate-limi ted conditions.
METHODS
Organism and growth conditions. K/ebsir//a pneumoniae NCTC 418 was maintained by monthly subculture on tryptic meatdigest agar slopes. For nutrient-limited growth, simple salts media were used as specified by Evans e t a/. (1970) . Carbonlimited media contained 27 mM glucose or fructose, whereas carbon-excess media contained 165 mM glucose, 165 mM fructose or 55 mM glucose plus 130 mM sodium gluconate. In the latter case H,SO, and H,PO, replaced Na,SO, and NaH,PO, respectively, in order to prevent high medium pH value.
Under carbon-excess conditions, input concentrations were adjusted to obtain nitrogen-limited (10 mM NH,Cl or 10 mhf NaNO, input), magnesium-limited (62.5 pRl MgCl, and 1 mhl CaC1, input), phosphate-limited (0-5 mM NaH,PO, input) o r potassium-limited (0.5 mM KC1 input) conditions with a stead! -state dry weight of approximately 1 g 1-I. Under nitrate-excess conditions 100 mM NH,Cl was replaced by 100 mM NaNO,, in the medium. All other growth conditions have been described in Buurman et al. (1990) .
Analyses. Analyses of effluent gas and supernatants and determination of bacterial dry weight were carried out as described previously (Buurman et af., 1990) . Cell-free extracts were prepared in distilled water according to Ruurman r t a/. (1990); protein content of the extracts was determined by the biuret method using bovine serum albumin (Sigma) as a standard (Gornall et al., 1949) . Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) activities were determined according to Bergmeyer et al. (1974) . Methylglyoxal (MGO) synthase activities were measured as the rate of disappearance o f dihydroxyacetone phosphate in the absence of nucleotide cofactors, according to Hopper & Cooper (1971) as modified by Streekstra (1 990). Protein and RNA concentrations in the culture were determined according to Peterson (1 977) using bovine serum albumin (Sigma) as a standard, and with the orcinol method as described by Herbert et a/. (1971), respec t i vel y .
Calculations. In order to calculate the carbon flux through the TCA cycle, qCOZ (T(.,,2) , it has been assumed that CO, formation via the pentose phosphate pathway is negligible (Fraenkel, 1987) . From the well-established catabolic pathways it can be deduced that CO,. production is coupled to acetate production in the molar ratio 1 : l and to 2,3-butanediol and acetoin production in the ratio 2: 1. O n the other hand, net production of succinate and 2-oxoglutarate from glucose via phosphoenolpyruvate carboxylase involves fixation of CO, (1:l) that has been formed by the culture. Hence, qCO,,,,.,, can be calculated according to the equation :
~C O S ( T C A )
= ~c O 2 ( r n e a s u r e d ) (Buurman e t al., 1990) . However, an insrmtaneous increase of the Ca2+ concentration in the culturc \Tessel up to 1 mM caused an immediate onset in the formation of gluconate. Concomitantly, a decrease in the spccific CO, production rate was observed (Table 1) . In a sccond experiment, 1 mM sodium gluconate was added to the medium in order to derepress GaDH. Immediately sodium gluconate (final concentration, 15 mhl) was added to these cultures, conversion of glucoriate into 2-ketogluconate began and the specific CO, production rate decreased (Table 1) .
Specific acetate production rates [Om5 mmol (g dry wt)-' h-l in steady state] remained unchanged upon these additic )IIS and 2,3-butanediol was absent from the culture fluids (data not shown). From this, one has to conclude that the decreased specific CO, production rates were due to lou ered TCA cycle activity. Furthermore, in vivo G D H and G,iI>H activities (Table 1) were quite comparable to in uziv Ztctivities found under potassium-, phosphate-and magnesium-limited steady-state conditions (Tables 2 and  3 ). This indicates that under these conditions TCA cycle activiri could be partially suppressed by high G D H and GaDE I activities.
Previously, Hommes e t al. (1989a, b) suggested that oxidation of PQQH, inhibited oxidation of N A D H via the re\piratory chain. The observed decrease in TCA cycle activir! could be caused by this inhibitory effect on NADII oxidation. Hence, an additional drain on the internd NADH pool should overcome this inhibition and, thus, increase TCA cycle activity. With this aim, cells were grown with sodium nitrate as the nitrogen source, since it is assumed that assimilatory nitrate reduction in K. pnezlmoniae occurs aerobically via cytosolic, N ADHdependent nitrate reductase and nitrite reductase (Stewart, 1988 ). The reduction of 1 mol nitric acid into ammonia requires 4 mol NADH. Assuming a biomass composition equivalent to the molecular formula C,H,O,N (Herbert, 1976) , specific biomass production rates of 2.5 mmol (g dry wt)-' h-l (i.e. specific growth rates of 0.25 h-') should cause additional N A D H consumption of 10 mmol (g dry wt)-' h-l. This would allow for an increase in the specific C O roduction rate via the TCA cycle of 5 mmol (g dry wt)"h-' as compared to cultures grown with ammonium chloride as the nitrogen source. This was found to be the case when cells were grown carbon-limited with sodium nitrate as the nitrogen source (gC02(TCA4), Table 2 ).
However, replacement of ammonium chloride by sodium nitrate barely affected CO, production via the TCA cycle under potassium-or phosphate-limited conditions and only a minor increase was seen under nitrogen-limited conditions (gCO,(,,,,, Table 2 ).
In order to exclude the possibility that these differences were due to the nature of the growth-limiting component per se, aerobic, magnesium-limited conditions were tested both in the presence and the absence of Ca2+ ions. &'hen G D H and GaDH activities were absent due to omission of Ca2+ ions from the medium, TCA cycle activity was again increased with 6 mmol (g dry wt)-' h-' due to increased N A D H requirement (gC02(TC'A), Table 3 ). However, when 1 mM of CaC1, was added to the medium G D H and GaDH became active but in this case the presence of sodium nitrate only caused a small increase in TCA cycle activity.
Finally, K. pnezlmoniae was grown under magnesiumlimited conditions in the absence of Ca" ions but in the presence of excess amounts of both glucose and sodium gluconate. Again, no increase in TCA cycle activity was observed when sodium nitrate was used as the nitrogen source. Clearly, high GaDH activity alone prevented an increase in TCA cycle activity. Remarkably, in the presence of excess concentrations of glucose, gluconate Periplasmic oxidation of glucose in K. przetimoniae uras con Yerted to 2-ketogluconate only and did not serve as a carhon source (Table 3) . It can be concluded that the physiological role of periplasmic oxidation of glucose is the generation of reducing equivalents. This has led to the suggestion that periplasmic oxidation of glucose serves as an additional energy conserving system that is active under conditions which cause increased energetic demands (Hommes ef a/., 1985) . However, our data suggest that an increased rate of generation of reducing equiF7aicnts via G D H and GaDH activities is accompanied by a decreased rate via TCA cycle activity. where'i4 the specific oxygen consumption rates of magnesium-, phosphate-, nitrogen-and sulphate-limited cultures ,111 ranged between 11 and 13 mmol (g dry wt)-' h-'. From this observation it can be concluded that if specific oxygen consumption rates are indicative of the energ! requirement, the energetic demands of the latter four growth conditions are essentially identical. Yet activiti o f the periplasmic glucose oxidation system is in riuo widely different for these conditions (Tables 2 and 3; Hommes ef a/., 1989b).
The aiio\re-mentioned results suggest that periplasmic oxidation of glucose does not result in increased production rates of ATP equivalents. However, under phosphate-limited conditions increased production rates of ATP equivalents would be required if extensive energy spilling clue to futile cycling of phosphate ions were to occur. In order to obtain evidence for the presence of this futile ciTcle, K. pnezlmoniae was grown under aerobic, phosphate-limited conditions in chemostat culture with glucosc as the carbon and energy source. When the culturc ~v a s in a steady state the extracellular concentration o f phosphate ions was instantaneously increased to 5 mM.
Immetliately, both oxygen consumption (Fig. 1 a) and carbon dioxide production (data not shown) increased. As virtually no other products were excreted, the presence of phosphate ions must have increased glucose catabolism via gl\colysis and the TCA cycle. At the same time the specific growth rate, as measured by protein and R N A concentration, optical density and dry weight, increased from 0-24 h-' to 0.7 h-' (data not shown). In order to determine whether the increase in growth rate was essential for elevated oxygen consumption, in the next experiment the increase of the growth rate was prevented by the addition of chloramphenicol (CAP) prior to the phosphate pulse. Under these conditions there was no increase in growth rate and oxygen consumption did not change (Fig. lc) . Apparently, accelerated anabolism, which is essentially an energy sink, was required for an increased rate of catabolism. Either the presence of phosphate ions resulted in an increased anabolic rate (and the elevated rate of catabolism was just a consequence of this increased growth rate), or the primary response was a stimulation of catabolism. However, when addition of CAP was followed by a pulse of D N P (final concentration of 0.1 mM) oxygen consumption and carbon dioxide production remained unchanged, but subsequent addition of phosphate ions resulted again in a higher rate of catabolism (Fig. 1 b) . Thus, the acceleration of catabolism depended on the presence of both phosphate ions and an energy sink.
The demand for phosphate ions for the expression of catabolic overcapacity suggests that low intracellular concentrations of phosphate ions limit the intracellular degradation of glucose to a great extent. This may occur at the level of the membrane-bound ATP synthase. If this were the case, however, one would expect the specific oxygen consumption rate to increase by the addition of DNP. Since this did not occur (Fig. l c ; t = 9 min), it was more likely that the low intracellular phosphate pool limited the rate of GAPDH, the only phosphatedependent activity in glycolysis. From Table 4 it can be seen that phosphate-limited conditions caused signifi- cantly higher G A P D H activity in vitro whereas activity in rivo was the lowest.
DISCUSSION
The strict requirement for divalent cations of the G D I I holoenzyme of K. pnezlmoniae was used to study in vivo ths separate effects of G D H and GaDH on intracellular glucose degradation. Hommes e t al. (1985) proposed that both enzymes function as an additional energy conserving system which would increase the production of AT]' equivalents when the energetic demands of the cells would become high. Our results indicate that activation of either enzyme resulted in lowered degradation rates vi:i the TCA cycle (Table 1) . Therefore, the net effect of activation of periplasmic oxidation of glucose on the specific production rate of ATP equivalents depends on the efficiencies with which oxidation of PQQH.,, FADH and NADH contribute to maintenance of the PMF. Nitrogen-, sulphate-, phosphate-and magnesium-limited cultures with fructose as the carbon and energy source showed comparable specific oxygen consumption rates, whereas the G D H and GaDH activities in similarly glucose-grown cultures were quite different from one another (Tables 2 and 3 ; Hommes e t a/., 198913). If thesc: oxygen consumption rates are indicative of the energetic demands under the respective conditions, one has to conclude that activation of G D H and G a D H does noresult in increased production rates of ATP equivalents, Therefore we propose that G D H and G a D H function a:; an alternative energy conserving system rather than art additional one.
The use of sodium nitrate to increase N A D H consumption did not increase TCA cycle activity in the presence of high specific gluconate plus 2-ketogluconate production rates (Tables 2 and 3 ). Therefore it seems unlikely that the observed reduction in TCA cycle activity upon instantaneous activation of periplasmic oxidation of glucose (Table 1) (Fig. la) and carbon dioxide production. This increase was found to depend on two factors: a stimulation of intracellular glucose degradation by the increased phosphate concentration and the presence of an energy sink were both essential. We propose that the stimulation by phosphate ions of glucose metabolism stems from the relief of G A P D H being rate-limiting due to low concentrations of phosphate ions in the cell. First, addition o f phosphate stimulated intracellular glucose degradation but not periplasmic oxidation. Secondly, the flux in vz'/fo through G A P D H was found to be among the lowest of the various nutrient-limited conditions tested whereas the activity in vitro was the highest observed (Table 4) . Apparently, under phosphate-limited conditions there is a considerable overcapacity in G A P D H activity present.
